The use of expensive hole transporting materials (HTMs), such as spiro-OMeTAD, in perovskite solar cells 
Introduction
In the past few years, the extensive efforts on metal halide perovskite solar cells (PSCs) have quickly advanced their solar to electric power conversion efficiency (PCE) to over 20%. [1] [2] [3] [4] [5] The best performing PSCs have a n-i-p conguration with a perovskite absorber sandwiched between a titanium oxide semiconductor (n-type contact) and an organic hole-transporting layer (p-type contact). 6 The hole-transporting material (HTM) plays a critical role in facilitating efficient charge extraction and collection in devices, and alleviating the cell degradation as a protective barrier on top of the perovskite layer. 7, 8 An ideal HTM for highly efficient PSCs should have suitable energy levels, uniform thin lm morphology, fast hole extraction/ transportation, high intrinsic stability and cost effectiveness.
Until now, the most frequently used HTM for PSCs is 2,2 0 ,7,7 0 -tetrakis(N,N-di-p-methoxyphenylamine)-9,9 0 -spirobiuorene (spiro-OMeTAD), which exhibits the advantage of high solubility and high glass transition temperature.
9-11 These merits can ensure an excellent thin lm morphology. It also shows desirable hole extraction and conduction capabilities upon incorporation of some chemical additives and dopants. 12 However, compared to other components in PSCs, the spiroOMeTAD is quite costly due to its complicated multistep synthesis and sublimation-based purication, which is a bottleneck to large scale production for practical application. 13, 14 Moreover, the highest occupied molecular orbital (HOMO) energy level of spiro-OMeTAD (À5.13 eV) 15 is not optimal for matching the valence band of the perovskite (À5.43 eV) 8 due to its relatively large energy offset. As a comparison, the conduction band energy offset between the perovskite (À3.93 eV) and TiO 2 (À4.0 eV) is much smaller. 16, 17 Although there is debate on the correlation between the open-circuit voltage (V oc ) and the HOMO energy level of HTMs, [18] [19] [20] [21] a further efficiency enhancement is still highly expected by nely controlling the energetics as well as charge dynamics at this interface for minimizing the interfacial energy loss.
In order to decrease the cost originated from the HTM, one promising strategy is to simplify the molecular structure of spiro-OMeTAD. In this regard, a number of small molecular HTMs have been developed by coupling arylamine units (such as diphenylamine, triphenylamine (TPA), carbazole, phenothiazine and uorene derivatives) with some structurally simple cores. In most cases, the core is a conjugated electron rich unit like pyrene, 17 3,4-ethylenedioxythiophene, 22 triazatruxene, 19 spiro[uorene-9,9 0 -xanthene], 23 and thienothiophene.
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In principle, the incorporation of conjugated electron rich core units (electron donor) to construct HTMs with donor-p spacerdonor (D-p-D) conguration is not favorable for HOMO energy level optimization. According to molecular orbital hybridization theory, the introduction of an electron donor can upraise the HOMO energy level of a conjugated arylamine system (Fig. 1a) , which will further enlarge the energy offset at the perovskite-HTM interface. 25 Moreover, the combination of an additional electron rich unit with the arylamine groups may give rise to intrinsic stability issues due to the decreased oxidation potential. 26 In contrast, the incorporation of an electron decient core unit (electron acceptor) to form a donor-acceptor-donor (D-A-D) structure can rationally decrease the HOMO energy level and improve the intrinsic photo-and thermal-stability of the electron rich arylamine system, according to our previous experience on the design of organic sensitizers with an additional acceptor unit. 27 Indeed, the use of a D-A scaffold has been demonstrated as a promising strategy for designing efficient organic HTMs 28 as well as photovoltaic polymers. However, the D-A-D type HTMs have been rarely reported, and only the benzothiadiazole (BTD) unit has been attempted as the electron decient core. 29, 30 It should be noted that BTD has a very strongly electron withdrawing structure that can signicantly decrease the lowest unoccupied molecular orbital (LUMO) energy level and trap charges, 31 which might be undesirable to the electron blocking and hole transporting capability of the HTM layer.
With this in mind, herein we incorporate a moderately electron decient quinoxaline unit as the core in conjunction with methoxyl substituted triphenylamine (MeOTPA) end-caps to construct novel and low cost D-A-D featured HTMs TQ1 and TQ2 (Fig. 1b) . The relatively weak electron-withdrawing character of a quinoxaline core is expected to: (i) stabilize the HOMO energy level for matching well with the valence band of the perovskite, (ii) maintain a relatively high LUMO energy level for efficient electron blocking capability, and (iii) improve the intrinsic photo-and thermal-stabilities of organic HTMs. 32 In addition, the quinoxaline core has the advantage of low synthetic cost, and its pyrazine heterocycle provide a facile chemical modication possibility. 33, 34 The substituents on the quinoxaline core are found to be critical to the photovoltaic performance, and the thienyl substituent based TQ2 shows much superiority to its phenyl analogue TQ1 in terms of hole extraction and conduction, which was rationalized by a series of comparative studies including photoluminescence (PL) quenching, hole mobility/conductivity measurement and single crystal analysis. The best performing PSCs employing TQ2 as the hole transporting layer exhibit a maximum PCE of 19.62% (area of 0.09 cm 2 ) , outperforming that of spiro-OMeTAD (18.54%) under the same conditions. We also fabricate larger size devices with a working area of 1.02 cm 2 , which show a champion PCE of 18.50%, indicative of an excellent alternative to the traditional spiro-OMeTAD.
Results and discussion
Enabling large cost-advantage with straightforward synthesis
Cost effective organic HTMs should be prepared with a short synthetic route, simple reaction conditions and scalable purication methods. The synthesis procedure for TQ1 and TQ2 is shown in Scheme 1, and experimental details are provided in the ESI. † In comparison with the tedious synthesis of spiroOMeTAD, the new HTMs can be conveniently synthesized with high yields (around 80%) by a one-step Suzuki coupling reaction between the 5,8-dibromo-quinoxaline core and the pinacol ester of the triphenylamine donor. Besides, the nal products can be puried by simple recrystallization process instead of a costly sublimation method, meeting the requirements of scaling-up production. Both TQ1 and TQ2 have been fully characterized by NMR spectroscopy and high resolution mass spectrometry ( Fig. S11 -S16 in the ESI †). High performance liquid chromatography (HPLC) is also performed to test the purity of these two HTMs, assuring a purity of over 99.5% ( Fig. S17 and S18 in the ESI †). By using the calculation mode provided in literature studies, 35, 36 the laboratory synthetic costs of TQ1 and TQ2 are estimated to be 14.7 and 16.7 $ g À1 , respectively (Tables S1 and   S2 in the ESI †), which are only 1/30 of that of spiro-OMeTAD (500 $ g À1 ). 35 If these new materials can show comparable performance with the traditional HTM of spiro-OMeTAD, it can be expected to greatly decrease the total cost of PSCs.
Targeted modulation of the HOMO level upon incorporation of an electron-decient quinoxaline core
The UV-vis absorption and photoluminescence spectra of TQ1 and TQ2 in CH 2 Cl 2 solution are depicted in Fig. 2a . TQ1 exhibits two characteristic absorption bands. The absorption band in the ultraviolet (UV) region with a peak at 327 nm can be ascribed to the p-p* electron transition of the conjugated backbone, while the other one in the visible region (454 nm) can be ascribed to the intramolecular charge transfer from the electron rich donor groups to the electron decient quinoxaline core unit.
37 Intriguingly, the absorption spectrum of TQ2 shows more complicated proles that both bands in UV and visible regions have extra shoulder peaks. To understand the origin of these extra absorption bands of TQ2, we have further measured the absorption spectra of the synthetic intermediates 1 and 2 ( Fig. S1 in the ESI †), which lack the typical electron donating groups of the triphenylamine terminal in comparison to TQ1 and TQ2. Unexpectedly, these structurally simple intermediates also showed two groups of absorption bands, and the relatively low energy absorption bands (356 nm for 1 and 415 nm for 2) should be attributed to the charge transfer transition occurred between the substituents and the quinoxaline unit. The significantly red-shied absorption band of 2 can be rationalized by the stronger electron donating capability of the thienyl group with respect to the phenyl group in 1. We note that the quinoxaline based TQ1 and TQ2 have a typical "cross-conjugated" molecular structure, which featured two "perpendicular" pconjugated arms connected through the central aromatic core.
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Both of the p-conjugated arms participate in the electronic transition process, and the nal absorption spectra should be the superposition of electronic properties of each arm. In the horizontal direction, TQ1 and TQ2 have the same conjugation structure and thus similar electronic transitions. It is the electronic difference in the vertical direction which leads to the different superposition results between TQ1 and TQ2, as well as the appearance of shoulder peaks in the absorption spectrum of TQ2. Coincidently, the charge transfer transition from both triphenylamines and the substituents to quinoxaline can be distinguished in the absorption spectrum of TQ2, resulting in the observed complicated absorption prole. The optical bandgaps (E g ) of TQ1 and TQ2 were calculated from the intersection of the corresponding normalized absorption and emission spectra, estimated to be 2.38 and 2.32 eV, respectively. Fig. 2b shows the absorption spectra of TQ1 and TQ2 in the thin lm state. Compared to their solution spectra, a slight red-shi of the absorption onset was observed for both materials, suggesting the presence of intermolecular interactions. Cyclic voltammetry (CV) measurements were performed to determine the electrochemical properties of these two HTMs. TQ1 and TQ2 both exhibit a couple of highly reversible redox peaks in the scanning range (Fig. 2c) , which are assigned to the oxidation of triphenylamine moieties. Besides, both TQ1 and TQ2 have pretty high electrochemical stability under repeated CV scans (Fig. S2 in the ESI †) . The half-wave potential of TQ1 is 0.22 eV versus Fc/Fc + , which is almost the same with TQ2 (0.20 eV). The HOMO energy levels versus vacuum is thus calculated to be À5.32 and À5.30 eV for TQ1 and TQ2, respectively (Table  1) . 39 The downward shied HOMO energy levels of TQ1 and TQ2 relative to that of spiro-OMeTAD (À5.12 eV) can be associated with the incorporation of an electron decient quinoxaline core. Obviously, these HOMO energy levels are still positive than the valence band (VB) of the perovskite (À5.43 eV). The deep HOMO energy level is indeed benecial to the interfacial band alignment for minimizing the voltage loss (Fig. 2d) . 40 The LUMO energy levels of TQ1 and TQ2 were further estimated to be À2.94 eV and À2.98 eV (Table 1) , respectively, calculated by adding the optical bandgap (E g ) to the HOMO energy levels. As shown in Fig. 2d , these high LUMO energy levels relative to the conduction band bottom of the hybrid perovskite are competent for blocking electron transfer to metal back contact. C, respectively, which are higher than those of HTMs based on electron-rich cores, and even higher than that of spiro-OMeTAD (424 C). 39 The high T d values indicate excellent thermal stability of the D-A-D structured HTMs. DSC measurements were performed with two heating and cooling circles, and the result analysis is based on the second heating process. During the DSC scanning from room temperature to 350 C, only one weak endothermal process was observed for both materials. The glass transition temperature (T g ) for TQ1 and TQ2 is 126 and 113 C, respectively, keeping at the same level of spiro-OMeTAD. 41 The relatively high T g values are advantageous to the formation of a uniform thin lm with the benet of long-term morphology preservation.
8 Fig. 3c and d show the atomic force microscopy (AFM) images of TQ1 and TQ2 thin lms spin-coated on the top of the perovskite layer. Both of them exhibit full coverage and low root-mean-square (RMS) roughness (3.58 nm for TQ1, and 1.89 nm for TQ2). It was also observed in scanning electron microscopy (SEM) images in Fig. S3 in the ESI, † indicative of their excellent lm-forming properties for application in PSCs.
To investigate the photo-stability of the designed HTMs, we exposed the HTM lms spin-coated on glass to simulated AM 1.5 sunlight, and measured their absorption spectra at different time intervals (Fig. S10 in the ESI †) . Aer 5 h of irradiation, the absorbance of the spiro-OMeTAD lm decreases by 6%, while there is almost no change for TQ1 and TQ2 lms, demonstrating the excellent photo-stability of the designed D-A-D structured HTMs.
Photovoltaic performance of PSCs based on different HTMs
Perovskite solar cells were fabricated with a device congura-tion of glass/uorine doped tin oxide (FTO)/compact TiO 2 layer/ mesoporous TiO 2 layer/CH 3 NH 3 PbI 3 /HTM/Au, where the HTM is TQ1 or TQ2, or spiro-OMeTAD as a reference. Fig. S4 in the ESI † shows the cross section SEM images of corresponding devices, and the thickness of the TQ1 and TQ2 based holetransporting layer is 90-100 nm. Fig. 4a displays the current density-voltage (J-V) curves for the best performing devices of each HTM, and the corresponding photovoltaic parameters are listed in Table 2 . The J-V data were recorded with a voltage step of 10 mV and a delay time of 100 ms. The forward and reverse scanning J-V curves are almost identical under these measurement conditions, indicating a negligible hysteresis effect. The device based on TQ1 exhibits a moderate PCE of 14.27%, with a V oc of 1.09 V, a short-circuit current density (J sc ) of 21.79 mA cm À2 and a ll factor (FF) of 60.16%. In comparison, the TQ2 based cell shows a signicantly improved PCE of 19.62% with a V oc of 1.12 V, a J sc of 22.55 mA cm À2 , and a FF of 77.67%.
Under the similar fabrication conditions, the reference device using spiro-OMeTAD as the HTM shows a PCE of 18.54% with a J sc of 22.58 mA cm
À2
, a V oc of 1.09 V and a FF of 75.32%. The steady state power output as a function of time was measured at a bias voltage of 0.77, 0.94, and 0.90 V for the devices based on TQ1, TQ2, and spiro-OMeTAD respectively. As shown in Fig. S5 in the ESI †, all of these devices can exhibit a stabilized PCE similar to the J-V measurements for over 500 s. Moreover, the operation stability of these devices was evaluated by exposing them to continuous one sun illumination with a bias near their maximum power point under controlled environmental conditions (relative humidity of 30% and temperature of 25 C) for 100 hours. As shown in Fig. S6 in the ESI, † the PCE of the spiroOMeTAD based device decreased to 64%. By contrast, the TQ1 and TQ2 based devices can maintain 70% and 86% of the initial value, respectively. As the other materials and fabrication conditions of the devices are the same, the improved device stability can be highly related to the HTM layer. Except for the intrinsically high stability of the D-A-D structured molecular HTMs, their uniform thin lm morphology ensures a full surface coverage, thus effectively protecting the underneath perovskite layer in devices. The statistical data of the efficiency , and spiro-OMeTAD, respectively. The average hysteresis indices are 6.10%, 2.56%, and 3.32% for devices based on TQ1, TQ2, and spiro-OMeTAD respectively. Unprecedentedly, such a simple and low-cost HTM (TQ2) outperforms the spiro-OMeTAD in terms of photovoltaic performance, with major improvement in the V oc parameter. These results indicate that the development of new and more suitable HTMs is a feasible way for further advancing the performance of PSCs. It is interesting to observe such a signi-cant performance difference in TQ1 and TQ2 based devices, as their molecular structures only differ in the substituent of the quinoxaline core. The difference in J sc was studied using the incident photon-to-current conversion efficiency (IPCE) spectrum as shown in Fig. 4b . The integrated current densities from the IPCE spectra were 21.02, 22.09, and 22.11 mA cm À2 for TQ1, TQ2, and spiro-OMeTAD, respectively, which are in good agreement with the J sc values obtained from J-V curves measured under a AM 1.5 solar simulator. It is noticeable that the IPCE value for the TQ2 based device reached 90% in a wide wavelength range from 350 to 750 nm, well overlapped with that of spiro-OMeTAD, while the IPCE plateau of the TQ1 based device is lower across the whole range. Meanwhile, the V oc of TQ2 based devices is higher than those of TQ1 and spiroOMeTAD based solar cells. Considering that all other components except for the HTM layer in the PSC devices were identical, the difference revealed in the photovoltaic performance must be related to the HTM properties, such as interfacial hole extraction and collection efficiency.
Hole extraction and conduction studies
As mentioned above, both TQ1 and TQ2 can form continuous thin lms with full coverage on the top of the perovskite layer ( Fig. 3 and S3 in the ESI †). Their comparable thin lm formation capability indicates that the large difference in photovoltaic performance shouldn't be related to the morphological issues, such as pinholes that can lead to direct contact between the perovskite and the metal electrode. 42, 43 To understand the photovoltaic difference caused by the HTMs, we further explored the hole extraction and transportation properties of the two new HTMs. The hole extraction capabilities of HTMs were investigated by using steady-state and time-resolved photoluminescence (PL) measurements. Fig. 5a displays the steadystate PL spectra of the MAPbI 3 perovskite lms without or with capping different HTMs. Upon excitation at 460 nm, a broad PL band of the perovskite lm is observed to be centered at 770 nm. While all the bilayers show a dramatic quenching of PL with respect to the pristine perovskite, the perovskite/TQ2 bilayer shows a larger degree of PL quenching in all three cases. Fig. 5b shows the comparison of the time resolved PL decay at 770 nm. The pristine perovskite lm shows a long-living decay that can be tted with a two-component exponential decay model (s 1 Table S5 in the ESI †). By the same tting model, the perovskite lms covered with different HTMs showed greatly shortened PL lifetime. The TQ1 coated perovskite lm shows an average lifetime of 16.6 ns. In comparison, the TQ2 coated perovskite lm exhibits much shorter PL lifetime (s avg ¼ 3.4 ns), which is even much shorter than that of spiro-OMeTAD (s avg ¼ 9.3 ns). These results indicate that TQ2 has a higher hole extraction capability with respect to TQ1, and this improved hole extraction of TQ2 might be related to the presence of the thiophene unit, which was reported to have a strong interaction with Pb 2+ at the surface of perovskite.
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Beside the hole extraction, the hole transportation properties of the HTM layer also play an important role in the device performance. 44 The hole mobility of TQ1 and TQ2 was evaluated by the space-charge-limited current (SCLC) method.
45 Fig. 5c shows the tted current density-voltage (J-V) curves, and the hole mobility values of TQ1 and TQ2 were calculated to be 9.45 Â 10 À5 and 2.29 Â 10 À4 cm 2 V À1 s À1 , respectively. The slightly higher hole mobility of TQ2 relative to TQ1 suggests a faster hole collection aer the interfacial extraction. Moreover, by using an established method, 46 the conductivity of the TQ2 based thin lm with appropriate doping are estimated to be 9.19 Â 10 À4 S cm À1 , which is one magnitude higher than that of 47 These results indicate that the intermolecular charge transport of the new HTMs was remarkably affected by the substituents on the core unit.
Insight into charge transport by single crystal analysis
Obviously, the substituent related charge transport should have originated from their difference in molecular conformations as well as stacks in the solid state. In this regard, we tried to grow single crystals of TQ1 and TQ2, and fortunately millimeter-sized Table S4 in the ESI †) was rened by X-ray crystallography using their single crystals, and their conformations and molecular stacks are shown in Fig. 6 . We can nd that the substituent groups on the quinoxaline core unit signicantly affect the twisting of the triphenylamine terminals as well as the molecular stacking motif. In the case of phenyl substitution (TQ1), the peripheral phenyls of the propeller-like triphenylamine groups are almost parallel with the quinoxaline plane. In contrast, these peripheral phenyls in TQ2 are prone to be perpendicular with the quinoxaline plane, resulting in a three dimensional molecular conformation with higher steric hindrance. Moreover, three conformational isomers can be identied for TQ2 due to the slight rotation of the MeOTPA and thiophene units (Fig. S7 in the ESI †), while only one conformation was found for TQ1. Therefore, the molecular packing in the crystal structure of TQ2 is relatively more complex with respect to that of TQ1 (Fig. S8 in the ESI †). In organic HTMs, the charge transport occurs primarily via intermolecular charge hopping between adjacent molecules. 9, 48 As is well known, the holes are mainly delocalized on the triphenylamine units because they are the redox centers in the HTM molecule. Therefore, the average distance between the triphenylamine units of adjacent molecules is a critical parameter that can affect the charge transport properties of TQ1 and TQ2. In the TQ1 stack, the in plane and layer-to-layer distance between adjacent triphenylamine cores are 12.001 and 7.141Å, respectively (Fig. 6b and c) , while the closest triphenylamine cores in the TQ2 stack have a much smaller distance of 5.208Å (Fig. 6e) . The more tight packing of triphenylamine units is undoubtedly benecial to the hole hopping. By carefully analyzing the molecular stacking of TQ2, we found that the thiophene units play an important role in reducing the intermolecular distance owing to the presence of strong S-S (Fig. 6f) and S-p interactions (Fig. S9 in the ESI †) . Thus, incorporation of suitable substituents on the quinoxaline core unit is quite important for nely modulating the molecular stacking and enhancing the charge transporting properties of new HTMs.
Reproducible photovoltaic performance on large area devices
To examine the applicability of the new HTM in device scalingup, we further employed the well-performing TQ2 to construct devices with a larger size (1.02 cm 2 ). As expected, the optimal large area device using TQ2 as the HTM shows a promising PCE of 18.50% with a V oc of 1.11 V, a J sc of 22.02 mA cm À2 , and a FF of 75.60% (Fig. 7a) . We also measured J-V curves using a small area metal mask (0.3 cm Â 0.3 cm) at ve different positions located in the center and at the four corners of the active area of the large size device. As shown in Fig. 7b , all of these ve curves were almost identical and their PCEs showed very small variation, reecting the superior uniformity of each active layer in the device over the square-centimeter scale. These excellent photovoltaic results in combination with cost superiority demonstrate that the new HTM TQ2 has great promise for future large-scale application.
Conclusions
In conclusion, this study aims at the development of a low-cost alternative to the benchmark HTM of spiro-OMeTAD in PSCs for accelerating their commercial applications. We have designed and synthesized two quinoxaline based molecular HTMs (TQ1 and TQ2) featuring a D-A-D conguration, which can rationally modulate the HOMO level and improve thermal stabilities. Compared to spiro-OMeTAD, the synthetic costs of TQ1 and TQ2 are estimated to be decreased by 30 fold, the HOMO levels are downward shied by 200 meV and the thermal decomposition temperatures are increased by 30 C. The corresponding PSCs based on TQ2 exhibit a maximum efficiency of 19.62% (working area of 0.09 cm 2 ), unprecedentedly outperforming that of spiro-OMeTAD (18.54%) under the same conditions. In contrast, TQ1 based devices only showed moderate efficiencies (14.27%). The differences in charge transfer/transport dynamics between TQ1 and TQ2 are explored by photoluminescence quenching and electrical measurements. The structural change of the substituents on the quinoxaline core from phenyl (TQ1) to thienyl (TQ2) not only shortens the hole extraction time (16.6 vs. 3.4 ns), but also enhances the hole mobility (9.45 Â 10 À5 vs.
Â 10
À4 cm 2 V À1 s À1 ) and conductivity (6.58 Â 10 À5 vs. 9.19 Â 10 À4 S cm À1 ). Single crystal analysis reveals that the thienyl substituent groups in TQ2 lead to strong intermolecular S-S and S-p interactions, thus reducing the intermolecular distance and increasing the hole hopping channels to favor the charge transportation in the HTM layer. A further preliminary scaling-up test of TQ2 in the large area device (1.02 cm 2 ) results in a promising efficiency of 18.50%. The excellent photovoltaic performance and extremely low synthetic cost indicate that the developed new HTM is promising for commercial applications.
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